Abstract The dynamic response of Greenland tidewater glaciers to oceanic and atmospheric change has varied both spatially and temporally. While some of this variability is likely related to regional climate signals, glacier geometry also appears to be important. In this study, we investigated the environmental and geometric controls on the seasonal and interannual evolution of Helheim and Kangerlussuaq Glaciers, Southeast Greenland, from 2008 to 2016, by combining year-round, satellite measurements of terminus position, glacier velocity, and surface elevation. While Helheim remained relatively stable with a lightly grounded terminus over this time period, Kangerlussuaq continued to lose mass as its grounding line retreated into deeper water. By summer 2011, Kangerlussuaq's grounding line had retreated into shallower water, and the glacier had an~5 km long floating ice tongue. We also observed seasonal variations in surface velocity and elevation at both glaciers. At Helheim, seasonal speedups and dynamic thinning occurred in the late summer when the terminus was most retreated. At Kangerlussuaq, we observed summer speedups due to surface-melt-induced basal lubrication and winter speedups due to ice-shelf retreat. We suggest that Helheim and Kangerlussuaq behaved differently on a seasonal timescale due to differences in the spatial extent of floating ice near their termini, which affected iceberg-calving behavior. Given that seasonal speedups and dynamic thinning can alter this spatial extent, these variations may be important for understanding the long-term evolution of these and other Greenland tidewater glaciers.
Introduction
The contribution of the Greenland Ice Sheet to sea level rise more than quadrupled from 1991-2001 to 2002-2011 [Shepherd et al., 2012] as a result of enhanced surface melt and increased ice discharge from tidewater glaciers [Enderlin et al., 2014; Van Den Broeke et al., 2016] . While this widespread increase in ice discharge has been attributed, likely correctly, to ocean warming [Holland et al., 2008; Hanna et al., 2009; Murray et al., 2010; Straneo et al., 2010] , there has been significant spatial variability in the dynamic response of individual glaciers [Moon et al., 2012] . Tidewater glaciers in the same fjord, which are likely subject to similar oceanic and atmospheric conditions, have behaved differently [Rignot et al., 2016; Motyka et al., 2017] , indicating that individual glacier characteristics, such as glacier geometry, likely play an important role in modulating a glacier's dynamic response [Enderlin et al., 2013; Amundson, 2016; Felikson et al., 2017] .
To address this difficulty, several studies have turned to seasonal records of terminus position Seale et al., 2011; Schild and Hamilton, 2013] and glacier velocity [Moon et al., 2014 [Moon et al., , 2015 . By comparing these records to different climatic variables over many years, these studies have attempted to correlate seasonal changes in terminus position and/or glacier velocity to oceanic and atmospheric changes. However, often there is no clear relationship between glacier dynamics and environmental change: the timing of the seasonal onset of retreat and speedup varies spatially from glacier to glacier and temporally from year to year at individual glaciers [Schild and Hamilton, 2013; Moon et al., 2014] . Seasonal and multiyear variations in glacier geometry (ice thickness, surface slope, and grounding-line position) have been put forward as a possible mechanism to help explain this temporal variability at individual glaciers [e.g., Schild and Hamilton, 2013] , but until recently, we have lacked the necessary seasonal surface-elevation records to explore this hypothesis further.
In this study, we combined year-round records of terminus position, glacier velocity, and surface elevation from 2008 to 2016 to investigate seasonal and multiyear changes in glacier geometry at Helheim and Kangerlussuaq Glaciers (Figures 1 and 2 ), the two largest tidewater glaciers in Southeast Greenland. Helheim and Kangerlussuaq collectively drain~8% of the Greenland Ice Sheet area [Nick et al., 2013] . Both glaciers rapidly retreated, accelerated, and thinned in the early 2000s [Rignot et al., 2004; Howat et al., 2005 Howat et al., , 2007 Stearns and Hamilton, 2007] . The resulting dynamic mass loss from these two glaciers alone accounted for roughly 30% of the 2000-2012 dynamic mass loss from the entire Greenland Ice Sheet [Enderlin et al., 2014] . After their retreats ended in 2006, both glaciers slowed, but Helheim stopped thinning while Kangerlussuaq continued thinning Bevan et al., 2012] . The glaciers have also behaved differently on a seasonal timescale; terminus positions typically varied seasonally at Kangerlussuaq but showed little seasonality at Helheim [Joughin et al., 2008b; Schild and Hamilton, 2013] . By comparing the varying evolution of Helheim and Kangerlussuaq over seasonal and multiyear timescales, we develop new insights into how differences in glacier geometry affect a glacier's dynamic response to oceanic and atmospheric changes. In particular, we focus our analysis on changes in the spatial extent of floating ice near the terminus, which can affect iceberg-calving behavior [Benn et al., 2007] .
Methods
We combined several different data sets to develop seasonal records of glacier velocity, terminus position, iceberg-calving behavior, surface elevation, and surface-elevation change rates at Helheim and Kangerlussuaq from 2008 to 2016. To interpret these observations, we also considered bed elevations, ice-mélange conditions, sea ice fraction (SIF), and modeled glacier surface runoff in our analysis. 
Glacier Velocity
To measure glacier velocity, we applied speckle tracking techniques [Joughin, 2002; Joughin et al., 2010 ] to pairs of synthetic aperture radar (SAR) images from the German Aerospace Center's (DLR) TerraSAR-X (TSX) mission [Krieger et al., 2013] . This satellite started acquiring data over Helheim and Kangerlussuaq in September 2008. A second, virtually identical satellite, TDX, was launched in June 2010 to complete the tandem configuration of the TanDEM-X (TDM) mission. The repeat period of each satellite allows velocity estimates to be determined over intervals as short as 11 days. Due to missed acquisitions, some velocity estimates were computed using 22 or 33 day intervals. We did not attempt estimates for intervals longer than 33 days, leaving some gaps in our record. All velocity estimates were smoothed with a moving average filter to a spatial resolution of~300 m. Conversion from the radar line of sight to the horizontal across-track direction under a surface-parallel flow assumption can yield slope-dependent errors of up to 3% [Joughin et al., 2010] . For observations collected along the same satellite track, this is a systematic error common to all estimates, so the error does not apply to changes in velocity. Of our 264 velocity products, 237 (90%) were collected along the same track for each glacier.
Terminus Position
We measured terminus position by digitizing the location where the calving front intersects the longitudinal profiles shown in Figures 1a and 2a . We chose this method over the box method [Moon and Joughin, 2008] because it allowed us to include satellite images with high cloud cover and Landsat 7 images with gaps due to the scan line corrector failure, which improved the temporal resolution of our records. Terminus positions were digitized in all available TSX/TDX radar images and Worldview-1/2/3 (WV) and Landsat 7/8 panchromatic scenes. We report terminus position relative to the 2008-2016 average, with a negative (positive) value indicating a more retreated (advanced) terminus position than average.
To assess uncertainties in the measured terminus positions, we compared digitized terminus positions from satellite images that were acquired on the same day when no large calving events occurred between the acquisitions. Consequently, the uncertainty estimates account for errors due to manual digitization and errors introduced by including satellite images with different spatial resolution, acquisition geometry, and spectral characteristics. The 22 pairs of coincident, digitized terminus positions differed by 2-42 m, with a root-meansquare (RMS) difference of 24 m.
Iceberg-Calving Behavior
We used the available satellite images to assess the calved iceberg type. Two types of icebergs have been observed previously at Helheim and Kangerlussuaq: tabular and nontabular [Joughin et al., 2008b] . Tabular icebergs have a large longitudinal width-to-height ratio and do not capsize when they calve. These icebergs can be distinguished in the satellite images by the presence of crevasses on their surfaces ( Figure S1a in the supporting information). Nontabular icebergs capsize when they calve due to their smaller width-to-height ratio and greater buoyancy-driven torque ( Figure S1b ) [Amundson et al., 2010; James et al., 2014] . We compared subsequent satellite images to determine the type of new icebergs in the fjord after each iceberg-calving episode. We refer to periods of iceberg calving as "episodes" rather than as "events" because we cannot determine if the icebergs calved during a single event or during a series of events that occurred over several days.
Iceberg-calving episodes were divided into three types: (1) tabular, (2) nontabular, and (3) mixed (both tabular and nontabular). We considered an episode to be "tabular" if new tabular icebergs appeared in the fjord that could account for the observed retreat between subsequent satellites images. If new tabular icebergs appeared but could not account for all of the observed retreat, then the episode was considered "mixed." All other episodes were considered "nontabular." This approach may incorrectly characterize some tabular or mixed iceberg-calving episodes as nontabular if the tabular icebergs broke up and overturned between subsequent satellite images. However, the observed tabular icebergs typically remained intact for several weeks, suggesting that we observed a substantial fraction of tabular icebergs before they broke up.
Glacier Surface Elevation
We combined point surface-elevation measurements from NASA's Airborne Topographic Mapper (ATM) [Krabill, 2010] with digital elevation models (DEM) from WV, GeoEye-1, SPIRIT [Korona et al., 2009] , and TanDEM-X (TDM). DEMs from WV and GeoEye-1 were created following the stereo-photogrammetry techniques outlined in Shean et al. [2016] . TDM DEMs were processed from bistatic SAR acquisitions using the Integrated TanDEM-X Processor [Rossi et al., 2012] . Large absolute elevation offsets in the resulting TDM DEMs are caused by baseline-dependent interferometric SAR (InSAR) height ambiguities and were corrected by adjusting the absolute phase offset during InSAR processing.
To reduce georeferencing errors, all DEMs were coregistered to ground control points (GCPs) over exposed rock. We adjusted the DEMs using a rigid-body translation that minimized the elevation difference between the DEMs and the GCPs [Shean et al., 2016] . All available ICESat-1 data [Zwally et al., 2003] , LVIS data [Blair and Hofton, 2010] , and ATM data over exposed bedrock surfaces were included as GCPs. After coregistration, the uncertainty of each DEM was estimated using the normalized median absolute deviation (NMAD) [Höhle and Höhle, 2009 ] of all GCP-DEM differences [Shean et al., 2016] . The average NMADs for the WV and TDM DEMs were 1.18 m and 1.77 m, respectively.
Bed Elevation and Flotation Condition
While several gridded bed-elevation products exist for Helheim and Kangerlussuaq [e.g., Bamber et al., 2013; Morlighem et al., 2014] , there are large discrepancies among these products due to different interpolation methods. Consequently, to avoid errors introduced by interpolation, we used bed-elevation point measurements from the Helheim and Kangerlussuaq 2006-2014 Composite V3 products from the Center for Remote Sensing of Ice Sheets (CReSIS). We also included the CReSIS radar transect from 21 May 2001 in our analysis for Helheim.
Some of the radar thicknesses in the Composite V3 products were collected over floating ice. To determine if a radar thickness was collected over floating ice, we used the ATM surface-elevation measurements that were collected concurrently with the radar-thickness measurements. If the measured surface elevation was less than or equal to the flotation height for a given radar thickness (assuming an ice density of 917 kg m
À3
and seawater density of 1025 kg m À3 ), then we considered the ice at that location to be floating and removed that measurement from our analysis of bed elevations. Almost all radar thicknesses acquired over the lower 5 km of Kangerlussuaq were collected over floating ice (Figure 2c ). After removing these points, the RMS for the bed-elevation crossover differences in regions below sea level improved from 113 m to 45 m for Helheim and from 90 m to 44 m for Kangerlussuaq. Given that crossover differences were <50 m for 80% of the crossovers, we assumed a bed-elevation uncertainty of 50 m.
We used the bed-elevation measurements, along with the available surface-elevation measurements, to calculate the spatial extent of floating and grounded ice for each glacier. In particular, we focused our analysis on determining regions where the ice remained "grounded" or "floating" or switched between grounded and
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floating ("changing") from 2011 to 2015. We characterized a point as "grounded" ("floating") if its surface elevation remained more than 5 m above (below) the flotation threshold from 2011 to 2015. The 5 m cutoff accounts for bed-elevation uncertainties of 50 m and surface-elevation variations due to tides [Voytenko et al., 2015] . All other points are characterized as likely "changing" between grounded and floating. (Note that the large-scale spatial patterns discussed in the text are unaffected by changing this 5 m cutoff within a reasonable range of 0-10 m.)
Surface-Elevation Change Rate
To better understand the observed variations in glacier surface elevation, we calculated the average rate of elevation change for the hatched regions in Figures 1a and 2a using two different methods: (1) we differenced all pairs of DEMs with time intervals of less than 4 months, and (2) we used the surface velocity and elevation measurements to estimate the ice flux in and out of the region. We refer to these methods as the "DEM" and "fluxgate" methods, respectively. While the DEM method provides more accurate estimates of the surface-elevation change rate, the fluxgate method increases the temporal resolution of our records from every few months (when we have DEMs) to every few weeks (when we have surface velocities) and also provides insight into the causes of the observed elevation changes. In the fluxgate method, we assumed that the rate of surface-elevation change (dh/dt) averaged over the region equaled the rate of ice-thickness change (dH/dt), which we calculated as
where A is the area of the region, t is time, x is the coordinate parallel to the inflow or outflow boundary, H(x,t) is the ice thickness at the boundary, u(x,t) is the glacier velocity normal to the boundary, W is the glacier width at the boundary, and Á a is the elevation change rate due to surface mass balance (assuming basal melt is negligible). The subscripts signify values at the inflow (i) and outflow (o) boundaries. We calculated dh/dt for all time periods with surface-velocity measurements and linearly interpolated the surface-elevation measurements to match those time periods. To estimate Á a, we used surface mass balance from the nearest grid cell in the 11 km resolution Regional Atmospheric Climate Model version 2.3 (RACMO2.3) Noël et al., 2015] and assumed a constant density (900 kg m
À3
) to convert surface mass balance to an elevation change rate.
Several key assumptions and measurement errors contributed to uncertainties in the inferred dh/dt from the fluxgate method. First, we assumed that the depth-averaged velocity was equal to the measured surface velocity (equation (1)). Although this is only an approximation, basal sliding accounts for >90% of the surface velocity under the main trunk of Helheim and Kangerlussuaq [Shapero et al., 2016] , so the depth-averaged velocity should be within~2% of the surface velocity [Cuffey and Paterson, 2010] . This approximation contributed to uncertainties in dh/dt of <1 cm d À1 . Second, we assumed that basal melt is negligible. While there are currently no direct measurements of basal melt beneath the grounded portions of these or other tidewater glaciers, the melt rate should be <3 cm d À1 based on theoretical calculations (Text S1 in the supporting information) [Cuffey and Paterson, 2010] . Third, bed-elevation errors of 50 m could introduce systematic errors in dh/dt of >30 cm d
À1
.
To mitigate this error, we positioned the boundaries of the hatched regions in Figures 1a and 2a along CreSIS radar transects that had distinct bed returns and low bed-elevation crossover differences. Fourth, the RACMO surface mass balance product likely introduced additional uncertainties ; however, these uncertainties are difficult to quantify given the limited surface-mass balance measurements collected over Helheim and Kangerlussuaq [Andersen et al., 2010] . Finally, errors in the surface elevation and velocity measurements introduced random errors in dh/dt of~3 cm d À1 .
To determine an error estimate that incorporated all of the above sources of uncertainty, we compared the surface-elevation change rates from the fluxgate and DEM methods. Although the surface-elevation change rates calculated using the two methods are not directly comparable due to differences in temporal resolution, comparing the two methods does provide an upper bound on the uncertainty in the rates inferred from the fluxgate method. The RMS difference between dh/dt calculated using the two methods was 3 cm d À1 for
Helheim and 5 cm d À1 for Kangerlussuaq (Text S2 and Figures S2-S4 ).
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2.7. Glacier Surface Runoff, Ice-Mélange Rigidity, and Sea Ice Fraction
While many different oceanic and atmospheric changes can affect tidewater glacier dynamics, in this study we focused primarily on the effects of surface melt and ice-mélange rigidity. To quantify surface melt, we used daily, modeled surface runoff from RACMO2.3. We sampled surface runoff at the same grid cells that we used for our surface-elevation change rate calculations (section 2.6). The magnitudes of the surface runoff estimates are sensitive to RACMO's spatial resolution , so we primarily used these estimates to define the surface melt season. Figure 3a shows the linear trend in the observed terminus positions. The blue dotted line in Figure 3c indicates the height where H02 should become afloat with 50 m uncertainties in the bed elevation indicated by the shaded bar. The gray line in Figure 3d shows the surface-elevation change rate due to surface mass balance processes predicted by RACMO2.3. Text above runoff curve in Figure 3e indicates the total surface runoff for each year. The blue and red circles in Figure 3e indicate free and rigid ice-mélange conditions, respectively. The vertical shaded bars indicate periods of surface runoff.
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To assess ice-mélange rigidity, we used the TSX velocity estimates from speckle tracking. If speckle tracking can determine a velocity in the ice mélange, then the ice mélange is likely rigid or nearly rigid; if speckle tracking cannot determine a velocity, then the ice mélange is free to move around [Joughin et al., 2008a] . We characterized the ice mélange as "rigid" or "free" based on these criteria. Since rigid mélange is often linked to sea ice formation [Amundson et al., 2010] , we also reported sea ice fraction (SIF) from the Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA) system, which estimates daily SIF at 10 km resolution by combining in situ measurements with satellite data from the Group for High Resolution Sea Surface Temperature [Donlon et al., 2012] . The SIF estimates have a threshold accuracy of~20%. We sampled SIF at grid cells near the entrance to Sermilik (Helheim) and Kangerlussuaq Fjords.
Results
Using the methods outlined above, we produced a detailed record of terminus position, glacier velocity, surface elevation, and iceberg-calving behavior at Helheim and Kangerlussuaq from 2008 to 2016. Our observations indicate that Helheim and Kangerlussuaq behaved differently on a seasonal and interannal timescale. The glacier reached its position of maximum seasonal retreat in late summer during seven out of the eight years and its position of maximum advance in late winter during at least five of those years. Nontabular iceberg calving accounted for 105 (86%) of the 122 observed calving episodes at Helheim (Figure 3a) . Glacier velocity varied seasonally during some years by up to 3 km yr
Helheim Glacier
À1
, with peak velocities occurring in late summer (Figure 3b ). Surface elevations varied seasonally by~10-20 m at H02 and H05 (Figure 3c) , with glacier thickening rates peaking in January to March and glacier thinning rates peaking in August to September (Figure 3d ).
The two largest seasonal changes in terminus position occurred in 2010/2011 and 2013/2014, when Helheim retreated and advanced over a range of >3 km. In 2010, Helheim retreated 2.3 km down a reverse bed slope from early July to mid-September. During the retreat, the glacier sped up by 1.6 km yr À1 (24%) at H05 and by 0.4 km yr À1 (8%) at H20, reaching a peak velocity in September at H05 and in late November at H20. Helheim We removed all linear trends before calculating the range for each grid cell. The largest variations in glacier velocity and surface elevation occurred within~10 km of the calving front. Figure 5d shows how the surfaceelevation variations affected the flotation condition at each CReSIS bed-elevation measurement (section 2.5).
For a large region downstream of H05, the glacier changed between floating and grounded from 2011 to 2015. For regions upstream of H05, the glacier remained grounded. When the glacier advanced to the top of the reverse bed slope at +2 km (Figure 1c ), its terminus was always floating. Typically, Kangerlussuaq advanced from December to late June or mid-July and then retreated until December (Figure 6a ). Few icebergs calved during the seasonal advance. The late-summer retreat started with the calving of large tabular icebergs, which transitioned to mixed and nontabular icebergs as the retreat continued. Nontabular iceberg calving accounted for 36 (47%) of the 77 observed calving episodes at Kangerlussuaq. Figure 7 compares the timing of seasonal changes in terminus position to changes in ice-mélange rigidity and sea ice fraction. The timing of the seasonal transition from retreat to advance corresponded well with the seasonal transition to more rigid mélange and denser sea ice conditions.
Kangerlussuaq Glacier
Kangerlussuaq's velocity varied on both seasonal and interannual timescales (Figure 6b ). Glacier velocity typically increased from late summer to midwinter and then decreased again until late summer at all sample points. This "winter speedup" was most pronounced during winter 2010/2011, when the glacier sped up by 2.1 km yr À1 (25%) at K05 and by 0.5 km yr À1 (16%) at K20. The winter speedup then decreased in magnitude from 2011 to 2015. The glacier also slowed over this time period, with glacier velocity decreasing by 400 m yr À2 at K05 and by 70 m yr À2 at K20, as shown in Figure 8a . By 2015, Kangerlussuaq's velocity was Figure 6 . (a-e) Observational record for Kangerlussuaq. Subpanels are the same as in Figure 3 . Note that Figure 6c shows height above flotation at K05 and K10. The light blue dotted line in Figure 6c indicates the height where K05 should become afloat with 50 m uncertainties in the bed elevation indicated by the shaded bar. (Figures 2b and 6c) . By late summer 2011, the glacier had thinned to flotation at K05 (Movie S2), with surface elevations remaining at or below the flotation threshold through 2015. The greatest thinning rates (6 ± 1 to 12 ± 1 m yr
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) from 2011 to 2015 occurred near K20, as shown in Figure 8b . Seasonal variations in surface elevation of~20 m at K05 and~10 m at K10 were superimposed on the long-term thinning. Seasonal thinning generally started in May or June, reached a maximum rate of 10-15 cm d À1 in July or August, and ended by September to November (Figure 6d ). Glacier thickening typically peaked in March. Thinning rates from surface mass balance processes were <5 cm d À1 during all summers, indicating that the observed thinning occurred primarily due to a change in ice dynamics. Figure 9d shows how the surface-elevation variations affected the flotation condition at each CReSIS bed-elevation measurement.
(Note that while we removed many of the bed-elevation measurements that were collected over Kangerlussuaq's floating ice tongue, that the remaining measurements might still have large uncertainties.) 
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The region downstream of K05 changed between grounded and floating from 2011 to 2015, while the region upstream of K05 remained grounded.
Discussion
Despite extensive dynamic mass loss from many Greenland tidewater glaciers over the last two decades, there has also been significant spatiotemporal variability in the dynamic response of individual glaciers [Moon and Joughin, 2008; Moon et al., 2012; Enderlin et al., 2014] . Regional climatic and oceanographic differences likely account for some of this variability [Inall et al., 2014; Jensen et al., 2016] . In addition, individual glacier characteristics, such as glacier geometry, have also likely contributed [Enderlin et al., 2013; Felikson et al., 2017] . In the next sections, we discuss the interplay between glacier geometry and environmental change in determining the multiyear evolution, seasonal dynamics, and terminus behavior of Helheim and Kangerlussuaq Glaciers from 2008 to 2016.
Long-Term Behavior From 2008 to 2016
Many Greenland tidewater glaciers, including Helheim and Kangerlussuaq, rapidly retreated and accelerated during a period of above-average oceanic and atmospheric temperatures in the early 2000s [Joughin et al., 2004; Rignot et al., 2004; Howat et al., 2007 Howat et al., , 2008 Hanna et al., 2009; Murray et al., 2010] . While some glaciers, such as Greenland's largest glacier, Jakobshavn Isbrae, have continued to retreat and thin [Joughin et al., 2004 , other glaciers have returned to more stable terminus positions. Helheim and Kangerlussuaq ended their terminus retreats by 2006 [Joughin et al., 2008b; Bevan et al., 2012] , but Helheim stopped thinning shortly thereafter (Figure 3c ) , while Kangerlussuaq continued thinning through 2015 (Figure 6c ). Helheim's terminus likely remained stable from 2008 to 2016 due to shallower water depths only a few kilometers farther upstream (Figure 1c ), which may have limited its retreat over the last century [Joughin et al., 2008b; Andresen et al., 2012] . Based on the available bed-elevation measurements, no such shallower water depths or lateral constrictions in glacier width likely existed near Kangerlussuaq's grounding line to prevent further grounding-line retreat from 2008 to 2016 (Figure 2c ). While there may be shallower water depths farther down fjord, if this is the case, the glacier does not appear to be reaching them. Instead, Kangerlussuaq's multiyear evolution from 2008 to 2016 appears to have been governed primarily by grounding-line retreat through a basal overdeepening.
As Kangerlussuaq thinned following its 2004/2005 retreat , its terminus changed from grounded to floating. By winter 2011/2012, the glacier had a roughly 5 km long floating ice tongue (Figure 2c ), which may have increased the glacier's susceptibility to submarine melt [Motyka et al., 2011; Truffer and Motyka, 2016] . During late winter 2010 through late summer 2011, a section of this floating ice tongue likely ungrounded (K05 in Figure 6c ), primarily over an area with unknown bed geometry ( Figure 2c and Movie S2). We suggest that there is a basal overdeepening in this region (red circle in Figure 2c ), because surface-elevation measurements collected when the glacier was still grounded in this region from 2001 to 2008 indicate a flat or reverse surface slope (Figure 2b ) [Budd, 1970] . Consequently, grounding-line retreat into this overdeepening caused speedup and thinning ( Figure 6 ). This thinning diffused inland through a steepening of surface slopes ( Figure S4 ) [Howat et al., 2007] , and by 2015 the pattern of strongest thinning was centered~20 km inland from the calving front (K20 in Figure 8b ). While this 
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ungrounding event occurred during a period of above-average sea surface temperatures near the entrance to Kangerlussuaq Fjord [Inall et al., 2014] , it likely would have occurred even in the absence of this warming due to dynamic feedbacks associated with grounding-line retreat into deeper water [Schoof, 2007] . By winter 2011/2012, Kangerlussuaq's grounding line had retreated into shallower water. Kangerlussuaq has since slowed and reduced its dynamic thinning rates (Figures 8a and 6c) , potentially signaling that its grounding line is in a more stable position now that it rests on a down-glacier bed slope [Schoof, 2007] in a region where the fjord narrows (K05 in Figure 2a ) [Enderlin et al., 2013] .
Seasonal Variations in Glacier Velocity and Surface Elevation
Seasonal variations in glacier velocity are often linked to seasonal changes in terminus position or surfacemelt-induced basal lubrication Moon et al., 2014] . While less is known about seasonal dynamic thinning and thickening, they have also been connected to these processes Bevan et al., 2015] . For a lightly grounded glacier retreating into deeper water, terminus position serves as a proxy for water depth at the grounding line (e.g., Figure 3a) , and consequently, terminus position affects glacier velocity by modulating the force balance at the terminus [Cuffey and Paterson, 2010] . However, if a glacier has a large floating section, this relationship may not hold, particularly if there is little side drag where the floating section comes in contact with the fjord walls. At Jakobshavn, for example, glacier velocity and terminus position were highly correlated when the terminus was grounded but not when the terminus was floating . Terminus variations can cause large seasonal speedups of >30% [Moon et al., 2014] , while surface-melt-induced basal lubrication has been shown to cause more modest speedups of <10-15% [Joughin et al., 2008c; Moon et al., 2014] .
Our results show that changes in terminus position and related dynamic feedbacks likely caused the observed seasonal variations in glacier velocity and surface elevation at Helheim (Figure 3 ). This hypothesis is contrary to the conclusions of Bevan et al. [2015] , who suggested that seasonal dynamic thinning resulted from surface-melt-induced basal lubrication at Helheim. Despite evidence that surface melt drains to the bed at Helheim [Everett et al., 2016; Poinar et al., 2017] , surface-melt-induced basal lubrication has been shown to cause only small speedups of <5% on this glacier [Andersen et al., 2010] . Iceberg-calving events, on the other hand, have been shown to coincide with much larger speedups at timescales of minutes to weeks [Howat et al., 2005; Nettles et al., 2008; Murray et al., 2015] . Consistent with prior results, we observed the greatest seasonal speedups and dynamic thinning when Helheim's terminus was most retreated during the summers of 2010 and 2013 (Figure 3 ). This relationship is clearly illustrated in Figure 10a , which plots the dynamic surface-elevation change rate (first term in equation (1) closely corresponded with the location where the ice flux was equal to the balance flux. Consequently, Helheim's dynamic surface-elevation change rate primarily depended on the terminus position along the reverse bed slope, not on whether the glacier was presently advancing or retreating. These results confirm the findings of other studies, which have shown that Helheim is highly sensitive to changes at the terminus [Howat et al., 2005; Nick et al., 2009] .
By contrast, seasonal variations in glacier velocity and surface elevation appeared to be more complex at Kangerlussuaq. We observed two distinct periods of seasonal speedup at Kangerlussuaq: one in the summer and one in the winter (Figure 6b ). The summer speedup of 5-10% occurred around the time of peak surface melt. During summers 2011 and 2013, this speedup occurred while the terminus was still advancing, indicating that the speedup was not related to terminus retreat. Instead, surface-melt-induced basal lubrication likely caused this speedup [Sundal et al., 2013] , which was similar in magnitude to the magnitude of surface-melt-induced speedups observed at Helheim [Andersen et al., 2010] and at other glaciers [Moon et al., 2014] . Furthermore, all sample points showed an abrupt, synchronous velocity increase during this speedup, which may imply widespread basal lubrication across the lower glacier. The winter speedup, on the other hand, occurred when the terminus was most retreated, suggesting that the speedup resulted from reduced ice-shelf buttressing driven by terminus retreat.
In comparison to our findings at Helheim, there is no clear relationship between terminus position and the dynamic surface-elevation change rate at Kangerlussuaq (Figure 10b ). Based on the similarity in timing between the summer speedup and seasonal dynamic thinning (Figure 6 ), it is possible that surface-meltinduced basal lubrication caused some dynamic thinning at Kangerlussuaq. However, even during summers with very small speedup events, such as summer 2009, we observed dynamic thinning of a similar magnitude to that observed during other summers ( Figure 6 ). Consequently, other processes likely contributed to the observed dynamic thinning at Kangerlussuaq. While both changes in the ice-thickness and velocity gradients can affect the surface-elevation change rate (equation (1)), our results indicate that an increase in the velocity gradient typically accounted for~75% of the observed seasonal dynamic thinning at Kangerlussuaq (~6 cm d À1 of~8 cm d
À1
; Text S2). Changes in the velocity gradient could have resulted from several different processes, including thinning-induced changes in the effective pressure [Howat et al., 2005] and changes in the terminus or grounding-line position [Nick et al., 2009] . However, inopportune gaps in our record make it difficult to determine which of these processes contributed to seasonal dynamic thinning at Kangerlussuaq.
The different dynamic responses of Helheim and Kangerlussuaq to seasonal changes in terminus position are not surprising given differences in the spatial extent of floating ice near their termini (Figure 10 ). For a lightly grounded glacier, such as Helheim, terminus retreat into deeper water reduces basal and lateral resistance to flow and increases the ice thickness at the grounding line. Both of these processes require the glacier to speed up to restore force balance [Howat et al., 2005] . For a glacier with a floating terminus confined within a narrow fjord, such as Kangerlussuaq, terminus retreat only reduces lateral resistance to flow, and consequently, a smaller speedup is likely necessary to restore force balance. As a result, despite larger seasonal terminus variations at Kangerlussuaq than at Helheim, glacier velocities and surface elevations were more sensitive to terminus position at Helheim than at Kangerlussuaq (Figures 3 and 6 ).
At both Helheim and Kangerlussuaq, variations in glacier velocity associated with seasonal terminus retreat and advance extended more than 25 km inland (Figures 5 and 9 ). Velocity variations likely extended this far inland through some combination of diffusion due to a steepening of surface slopes [Howat et al., 2005] and the initial perturbation in the force balance near the terminus . In regions where we observed the greatest seasonal velocity variability, recent modeling studies indicate a weak bed (<40 kPa) [Shapero et al., 2016] , which should allow speedups associated with the initial perturbation in the force balance to extend farther inland . While seasonal speedups associated with the initial perturbation in the force balance should be synchronous across the lower glacier, diffusion should cause a lag between speedup near the terminus and speedup farther inland. During summers 2010 and 2013, Helheim started speeding up at all sample points around the same time, indicating that this initial speedup likely resulted from terminus retreat into deeper water (Figure 3b ). Glacier velocity 20 km inland (H20), however, peaked several months after glacier velocity peaked near the terminus (H02). This secondary, delayed response diffused inland through a steepening of surface slopes ( Figure S3 ). Consequently, both diffusion and bed strength likely contributed to the inland propagation of seasonal speedups at Helheim and Kangerlussuaq.
Journal of Geophysical Research: Earth Surface
10.1002/2016JF004133
Seasonal Variability in Terminus Position and Iceberg-Calving Behavior
Seasonal variations in terminus position have been observed at many Greenland tidewater glaciers Seale et al., 2011; Schild and Hamilton, 2013] . Typically, these variations are linked to oceanic or atmospheric changes that seasonally alter the iceberg-calving rate, such as changes in ice-mélange strength [Amundson et al., 2010] , submarine melt [O'Leary and Christoffersen, 2013] , and the availability of surface melt for hydrofracture [Benn et al., 2007] . While some tidewater glaciers show a clear relationship between seasonal terminus variations and oceanic and atmospheric changes, other glaciers indicate a more complex relationship [Schild and Hamilton, 2013] . At Helheim, for example, Schild and Hamilton [2013] observed seasonal retreats that varied in magnitude by 2 km/yr and in timing of onset by 60 days. We also observed significant variability in seasonal terminus variations at Helheim (Figure 3a) . Our results suggest that this variability was partially related to seasonal dynamic thinning and thickening, which altered the spatial extent of floating ice near the terminus (Figure 3c ). Furthermore, seasonal terminus variations were likely larger at Kangerlussuaq than at Helheim due to the presence of its year-round floating ice tongue.
When Helheim and Kangerlussuaq formed floating ice tongues, iceberg calving ceased during the winter and both glaciers seasonally advanced by >3 km. These large seasonal advances occurred every winter at Kangerlussuaq but only during winters 2010/2011 and 2013/2014 at Helheim (Figures 3a and 6a ). At Kangerlussuaq, seasonal advances occurred when more rigid ice mélange formed in the fjord (Figure 7 ), which likely suppressed iceberg calving [Amundson et al., 2010; Seale et al., 2011] . At Helheim, however, the ice mélange appeared to be similarly strong, if not slightly weaker, during winters when a floating ice tongue formed (Figure 4) , likely indicating that large seasonal advances at Helheim did not result from changes in ice-mélange strength. Large seasonal retreats at Helheim, however, did occur during weaker mélange conditions (Figures 3e and 4) , suggesting that the ice mélange may still have affected iceberg-calving rates during other seasons. This result contradicts the conclusions of Cook et al. [2014] , who used a numerical model to show that changes in ice-mélange strength had little effect on Helheim's terminus position. While it is possible that another oceanic or atmospheric change, such as changes in submarine melt [Straneo et al., 2011] , can explain the varying magnitude of seasonal advances at Helheim, we suggest that these large seasonal advances followed summers with substantial dynamic thinning for a reason: this thinning caused the terminus to evolve from grounded to floating (Figure 3c and Movie S1), which affected iceberg-calving rates.
Iceberg calving is sensitive to the spatial extent of floating ice near the terminus [Benn et al., 2007] . At the two extremes, grounded tidewater glaciers in Alaska and Greenland calve frequent, small nontabular icebergs, and floating ice shelves in Antarctica calve infrequent, large tabular icebergs [Walter et al., 2010; Bassis and Jacobs, 2013] . Similarly, Helheim and Kangerlussuaq typically calved nontabular icebergs when their termini were grounded or nearly grounded and tabular icebergs when their termini were floating (Figures 3 and 6 ) [Joughin et al., 2008b] . Helheim calved nontabular icebergs year-round but rarely calved tabular icebergs during the winter, which may indicate that different processes affect nontabular and tabular iceberg calving [Benn et al., 2007; Amundson et al., 2010] . For example, near-terminus deviatoric stresses and strain rates tend to be smaller for a floating rather than grounded terminus, which likely causes slower rates of rift propagation and thereby promotes tabular iceberg calving [Reeh, 1968; Alley et al., 2008] . When tabular icebergs do calve from the terminus, these icebergs typically remain upright; nontabular icebergs, on the other hand, will likely overturn, which may promote further iceberg calving by flushing the ice mélange further away from the terminus [Amundson et al., 2010] . Consequently, even if oceanic and atmospheric conditions were similar during different winters at Helheim, the glacier may only have been able to readvance by >3 km following summers with significant dynamic thinning, which affected iceberg-calving behavior.
Our results also suggest that nontabular iceberg calving at Helheim occurred as a lightly grounded terminus is forced up a reverse bed slope [Joughin et al., 2008b] , contrary to the hypothesis of James et al. [2014] . If that is the case, then seasonal dynamic thinning may lessen this geometric effect, further enabling the terminus to readvance. As has been observed in other studies [Joughin et al., 2008b; James et al., 2014; Murray et al., 2015] , large rifts and depressions often formed within~500 m of the calving front before nontabular iceberg calving at Helheim (Movie S1). We did not observe any such rifts or depressions in the DEMs or satellite images before nontabular iceberg calving at Kangerlussuaq (Movie S2). It is possible that rifts formed at Kangerlussuaq, but we did not observe them. However, this lack of observations may also imply that nontabular iceberg calving occurred through a different mechanism there, perhaps because Kangerlussuaq typically had a floating, rather than lightly grounded, terminus.
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The rifts and depressions that form before nontabular iceberg calving at Helheim have been interpreted in two different ways. Joughin et al. [2008b] suggested that these depressions form as the terminus is pushed up a reverse bed slope faster than it can thin to flotation, while a region upstream remains at or near flotation. Deviatoric stresses in this depression should be sensitive to the basal topography and to the ice thickness near the terminus, since thicker ice will need to be forced farther up this reverse bed slope. Once a rift forms in this depression, enhanced rift growth may occur due to the strain-rate -weakening nature of ice [Bassis and Ma, 2015] . By contrast, James et al. [2014] interpreted these depressions as "flexion zones," which form as the calving front advances into deeper water faster than it can viscously adjust to the buoyant disequilibrium. The ice must then adjust by brittle failure, causing the calving front to rotate outward as a basal crevasse penetrates at depth. Based on the available bed-elevation measurements, Helheim's terminus advanced into shallower water during nontabular iceberg calving (Figure 1c) . James et al. [2014] suggested that these bed-elevation measurements might be unreliable, but the bedelevation measurements have since been reprocessed, and we used those measurements in this study. Furthermore, Helheim's high sensitivity to terminus position also implies retreat down a reverse bed slope (Figure 10a ) [Nick et al., 2009] . If rates of dynamic thinning and submarine melt were greater than the rate at which the calving front advanced into shallower water, then the calving front may still have come ungrounded Murray et al., 2015] . However, when Helheim advanced to the top of the reverse bed slope and calved into deeper water, the terminus typically calved tabular rather than nontabular icebergs. These observations may indicate that rift-driven, nontabular iceberg calving typically occurs when a lightly grounded terminus is resting on a reverse bed slope. Consequently, seasonal dynamic thinning and thickening may affect nontabular iceberg-calving rates by altering deviatoric stresses in the depression that forms upstream of the calving front.
While a full analysis of this mechanism and other potential controls on nontabular and tabular iceberg calving is outside the scope of this study, our results highlight that seasonal terminus variations are affected by the spatial extent of floating ice near the terminus. For a lightly grounded glacier, such as Helheim, seasonal dynamic thinning and thickening can affect this spatial extent, which in turn affects iceberg calving. Consequently, temporal changes in the extent of floating ice may help explain why some glaciers, such as Helheim, show a clear seasonal pattern in terminus position and glacier velocity during some years but not during other years Schild and Hamilton, 2013; Moon et al., 2014] .
Conclusions
Our observations indicate that glacier geometry exerted a strong control on the seasonal and interannual evolution of Helheim and Kangerlussuaq from 2008 to 2016. These results are consistent with prior studies at Helheim and Kangerlusssuaq [Howat et al., 2007; Nick et al., 2009] and at other glaciers [e.g., Joughin et al., 2012; Motyka et al., 2017] . While Helheim stopped thinning shortly after its 2001-2005 retreat ended, Kangerlussuaq continued thinning through 2015. This thinning initially caused grounding-line retreat into deeper water, likely leading to further speedup, thinning, and retreat. By late summer 2011, Kangerlussuaq's grounding line had retreated into shallower water. Kangerlussuaq has since slowed and reduced its dynamic thinning rates, suggesting that its grounding line may be in a more stable position now that it rests on a down-glacier bed slope. Helheim's stable grounding-line position from 2008 to 2016 appears to be related to a down-glacier bed slope a few kilometers upstream of its terminus position. Given that both Helheim and Kangerlussuaq flow through basal troughs that become narrower and shallower <20 km upstream of their current grounding-line positions, the potential retreat of these glaciers over the next few centuries appears to be limited [Nick et al., 2013] .
We also observed different seasonal variability in terminus position, glacier velocity, surface elevation, and iceberg-calving behavior at Helheim and Kangerlussuaq, which we partially attribute to differences in ice dynamics related to the glaciers' geometries. Despite larger seasonal retreats at Kangerlussuaq than at Helheim, glacier velocity and surface elevation were more sensitive to terminus position at Helheim than at Kangerlussuaq. Helheim is likely more sensitive to terminus position due to its lightly grounded, rather than floating, terminus. Iceberg-calving behavior also depended on glacier geometry, with tabular iceberg calving typically indicating a floating terminus and rift-driven, nontabular iceberg calving indicating a lightly grounded terminus resting on a reverse bed slope. Our results suggest that seasonal velocity variability and Journal of Geophysical Research: Earth Surface 10.1002/2016JF004133 iceberg-calving behavior may provide additional clues about glacier geometry where we presently have limited bed-and surface-elevation measurements.
Given that seasonal elevation variations alter glacier geometry, these elevation variations may also affect the dynamic response of tidewater glaciers to environmental change. Many studies [Schild and Hamilton, 2013; Moon et al., 2014] have found a clear, seasonal relationship between terminus position and environmental change at some tidewater glaciers, while other glaciers indicate a more complex relationship. Our results suggest that lightly grounded glaciers may be more likely to exhibit an inconsistent relationship between terminus position and environmental change, because seasonal elevation variations can affect the spatial extent of floating ice near their termini and thereby influence iceberg-calving behavior. Consequently, the effect of an oceanic or atmospheric change on tidewater glacier dynamics may differ depending on when the change occurs relative to seasonal changes in glacier geometry. Long-term observations of seasonal elevation change are currently only available for a few tidewater glaciers in Greenland; however, seasonal dynamic thinning/thickening is likely widespread, and further research is needed to better understand its importance for the long-term evolution of the Greenland Ice Sheet.
